Pleiotropic e ects among quantitative characters are believed to be extensive and universal, although their actual amount and pattern remains to be determined. Theoretical studies have shown that pleiotropic e ects can in uence the dynamics of a character under stabilizing selection and mutation through genetic correlations as well as hidden pleiotropic e ects. It is further known that pleiotropic e ects on tness can cause apparent stabilizing selection on an otherwise neutral character. The response to directional selection also depends on genetic correlations to other characters via correlated selection responses and deleterious side e ects. In this paper we analyze a class of models for the adaptation of complex organisms based on three assumptions: 1) pleiotropic e ects among characters are extensive, even in the absence of genetic correlations (hidden pleiotropic e ects); 2) directional selection only acts on one or a small number of characters simultaneously (mosaic evolution); 3) the remaining characters are either neutral or under stabilizing selection. We show that the response to directed natural selection is strongly in uenced by hidden pleiotropic e ects on a second uncorrelated character which is under stabilizing selection. The hidden pleiotropic e ects are inducing apparent stabilizing selection which interacts with the directional selection acting on the rst character. The apparent stabilizing selection is mediated through the dynamics of the genetic variance associated with a change in the mean genotypic value. The result can be either inhibitory or accelerating, depending on the frequency of the alleles. The inhibitory e ect can even completely prevent a response to directional selection if apparent stabilizing selection is strong compared to directional selection. In nite populations, the asymptotic rate of evolution is also in uenced by hidden pleiotropic e ects. This is mostly caused by a reduction of the asymptotic genetic variance maintained by mutation under sustained directional selection. It is concluded that hidden pleiotropic e ects lead to adaptive inertia even in the absence of genetic correlations.
Introduction
Organisms are complex -even the most primitive ones require the activity of many genes and the interaction of many physiological processes. Consequently the evolution of organisms is equally complex, involving the evolution of thousands of genes and many phenotypic traits. Dealing with this level of complexity requires strategies to reduce the complexity of the problem to a manageable size. The most e ective complexity reduction strategy proved to be`methodological reductionism', the idea that studying simple part processes will ultimately lead to an understanding of complex reality (Provine, 1971) . In evolutionary biology this strategy takes a variety of forms, as for instance genic selectionism (Williams, 1966; Dawkins, 1976) with its powerful impact on understanding the evolution of altruism (see for instance Wilson, 1975) . In the study of adaptation, we mostly rely on the analysis of a single character or a tightly integrated complex of characters (Mayr, 1983) , and in theoretical quantitative genetics one rst concentrates on single character models.
Methodological reductionism is a powerful tool to get a handle on complex phenomena. Its validity rests on a prudent choice of characters to study (Rosenberg, 1985) and an understanding of the possible interaction e ects ignored by a single trait or single gene approach. For instance, measuring natural selection on a phenotypic character may overestimate the strength of stabilizing selection acting on the character directly. This is because selection on a correlated character leads to apparent selection on the character under study (Lande, 1980; Lande and Arnold, 1983) . Even in the absence of genetic and phenotypic correlations, the presence of hidden pleiotropic e ects in uences the mutationstabilizing-selection balance (Turelli, 1985; Wagner, 1989) . In addition, completely neutral phenotypic characters may experience`apparent' stabilizing selection due to pleiotropic e ects on tness (Robertson, 1956; Barton, 1990; Keightley and Hill, 1990; Zhivotovsky and Gavrilets, 1992; Kondrashov and Turelli, 1992; Gavrilets and de Jong, 1993; Caballero and Keightley, 1994) . A change in the mean of a character in response to natural selection may not be caused by direct selection on this character either, since genetic correlations can cause correlated selection responses (Falconer, 1981; Lande, 1979) . In this paper we study the response of uncorrelated characters to directional selection in the presence of hidden pleiotropic e ects. Pleiotropic e ects are called "hidden" if they do not contribute to genetic correlations (Turelli, 1985) .
The focus of this study is a simple model for the evolution of complex organisms. It is based on three assumptions which capture some of the features characteristic of organismic evolution: 1) the rst assumption is that pleiotropic e ects are extensive and universal. It is thus based on the Wright's universal pleiotropy hypothesis. The background for this assumption will be reviewed below. 2) Only one character (or a linear combination of characters) is under directional selection at any time. This assumption is in line with the pattern of mosaic evolution, which means that complex organisms do not change all their characteristics at the same time (Simpson, 1953) . For the most parts, episodes of adaptive transformation lead to a selection response in a small number of characters, like either teeth or the limbs. 3) While some of the characters are under directional selection, most of the others are either neutral or under stabilizing selection. This is a corollary of the mosaic evolution assumption. It is also a direct consequence of the assumption that adaptation can be understood as an approach to a local optimum in a multivariate phenotype space. If a population approaches an adaptive optimum, the direction of steepest ascent is the only direction of directional selection, while all the other dimensions of the phenotype are under stabilizing selection (Wagner, 1996) . Hence we think that a combination of directional and stabilizing selection is a common pattern. A simple model with pure directional selection in one direction and stabilizing selection in all other directions has been called a`corridor model' (Wagner, 1984) .
There is some similarity of the corridor model to the model analyzed by Zeng (1988) . In this paper Zeng also consideres two characters under a mixed regime of directional and stabilizing selection and pointed out that long term and short term selection responses can be di erent. The corridor model, in contrast, does not make long term predictions. It is intended as a simple model to predict the micro-evolutionary response to directional selection.
The extent and importance of pleiotropic e ects is still a matter of controversy. The pos-sible views range from the extreme of the one-gene-one-character view of early Mendelism (see e.g. Darden 1992) , ignoring pleiotropy completely, to Wright's universal pleiotropy hypothesis (Wright, 1968) . The one-gene-one-character view was abandoned early in the history of genetics owing to the discovery of numerous pleiotropic e ects of mutations with major e ects on morphology. The universal pleiotropy hypothesis of Wright was the reaction to this discovery. Recently Bonner proposed a intermediate view arguing that universal pleiotropy is incompatible with adaptive versatility (Bonner, 1988) . He assumes that the genome is organized in more or less discrete`gene nets' (`modules' sensu Ra , 1996 and Wagner, 1996) each responsible for the development of a functionally independent character. The idea is that independently coded characters can be adapted with minimal interference with the performance of other characters.
Empirical evidence on the extent and pattern of pleiotropic e ects is sketchy and often indirect. As mentioned above, the rst argument in favor of extensive pleiotropic e ects came from the analysis of mutations with morphological e ects (Wright, 1968) . However, as noted by Barton (1990) it is not clear whether this observation can be generalized to mutations with less dramatic e ects. There is for instance no evidence of extensive pleiotropy of genes in uencing abdominal and sternopleural bristle number in Drosophila melanogaster (Davies, 1971; Mackay et al., 1992a) . Mapping techniques for quantitative trait loci (QTL) will soon resolve this issue. Preliminary evidence seem to be in favor of Bonner's modularity model of pleiotropy (Cheverud, 1996) . In mice, strong pleiotropy among tightly integrated sets of characters and only limited pleiotropy among such sets has been found so far.
Indirect evidence for extensive pleiotropy, though not about the pattern of pleiotropy, comes from various quantitative genetic arguments summarized by Barton (1990) . One argument follows from the comparison of the average mutation rate of a quantitative character with the total mutation rate for deleterious e ects. On the basis of published data, Turelli (1984) estimated an average mutation rate for a quantitative trait of 0.01, and the rate of viability mutations in Drosophila has been estimated to be at least one order of magnitude higher (Mukai, et al. 1972, Simmons and Crow, 1977; Houle et al. 1992) . Again this leads to the conclusion that there has to be extensive pleiotropy of a majority of genes in the genome (Barton, 1990) .
Strong pleiotropic e ects on tness have been demonstrated for genes a ecting a (nearly) neutral quantitative trait, abdominal and sternopleural bristle number in Drosophila. Several lines of experimental evidence show that these characters are e ectively neutral (Clayton et al., 1957; Latter and Robertson, 1962; Nuzhdin et al., 1995) . Furthermore alleles with large e ects on bristle number are found at intermediate frequencies in natural populations (Lai, et al. 1994; Long et al., 1995) . This is incompatible with strong stabilizing selection on the character directly (Turelli, 1984) . Nevertheless the e ect of P-element insertions on bristle number is associated with low tness (Mackay et al. 1992b) , and decreased response of inbred lines to selection shows strong apparent selection on bristle number . However, crossing experiments effectively demonstrate that this stabilizing selection is due to deleterious pleiotropic e ects (Nuzhdin, et al., 1995) .
There are two ways of modeling pleiotropic e ects and their in uence on tness. Pleiotropic e ects can be modeled as contributions to tness independent of the quantitative character under directional selection (Gavrilets and deJong, 1993; Keightley and Hill, 1990; Kondrashov and Turelli, 1992; Zhivotovsky and Gavrilets, 1992 ). In the model of Keightley and Hill (1990) and Kondrashov and Turelli (1992) the pleiotropic e ects are assumed to be unconditionally deleterious. Another strategy is to take into account a second quantitative character which is under stabilizing selection (Turelli, 1985; B urger, 1986a,b; Wagner, 1984 Wagner, , 1988 Wagner, , 1989 . If one of the characters is under directional selection, these models have been called corridor models, since they restrict phenotypic evolution to a narrow corridor within the phenotype space (Rechenberg, 1973) . In these models pleiotropic e ects are only conditionally deleterious, since they can be compensated by additive e ects on other loci.
Corridor models have been studied extensively with phenotypic evolution equations which assume constant genetic and phenotypic variance and covariance (B urger, 1986a/b; Wagner, 1984 Wagner, , 1988 and to some extent with polygenic two-allele models (Gavrilets and Hast-ings, 1994; Zhivotovsky and Gavrilets, 1992) . A main result from phenotypic evolution models is that selection on the second character should not in uence the evolution of the character under directional selection, as long as the Malthusian tness surface is at most polynomial of degree two (`well behaved'). Below we will show that this result is a direct consequence of assuming constant genetic variances implicit in phenotypic evolution equations. It is concluded that explicit genetic models are necessary to obtain an accurate prediction of selection response.
The Model
We consider two quantitative characters, z 1 and z 2 , with the classical division of genetical and environmental e ects:
where z is the vector of phenotypic values, x the vector of genotypic values and e the vector of the environmental e ects. P, G and E are the covariance matrices of the phenotypic values, the additive genetic and the environmental e ects. Epistasis at the level of characters is excluded. The environmental e ects are stochastically independent and normally distributed with zero mean and variance V e = 1. Note that the assumption of V e = 1 is a scaling convention often used in quantitative genetics. In models with non-overlapping generations the tness of an individual with phenotype (z 1 ,z 2 ) is de ned as 
The tness function can be visualized as a rising ridge in direction of character 1 with its anks de ned by stabilizing selection and the top of the ridge at x 2 = 0. In this paper we investigate how the rate of phenotypic evolution of a character under directional selection is in uenced by stabilizing selection on hidden pleiotropic e ects. As we consider both deterministic and stochastic models, the way in which hidden pleiotropy is introduced di ers in each case and will be explained below.
Results
Deterministic models
Genetic assumptions
The alleles are assumed to have only additive e ects on both characters. Genes come in two types, one where the alleles have positive e ects on both characters and one where the alleles have a positive e ect on the rst character x 1 but a negative e ect on the second character x 2 . (B l ). This is a highly symmetric case where two alleles A 2 and B 2 both have the same e ect d on character 1 but an opposite e ect of the same magnitude on character 2 (d or ?d). In the corridor model the allelic e ects point with one component into the direction of character 1 and thereby`uphill' to higher tness values. Simultaneously the pleiotropic e ects on character 2 lower the tness because they move the genotypic values towards the anks of the ridge. Therefore the pleiotropic e ects are on the average deleterious. However, due to the additivity of the allelic e ects, the deleterious pleiotropic e ects can compensate each other at the level of the genotype.
The rate of evolution, general treatment There has been substantial progress in the mathematical theory of multi-locus systems in recent years (Nagylaki, 1993; Turelli, 1987, 1991; B urger, 1993) . One of the main results is that the dynamics of the variance critically depends on genetic details. Therefore the present paper analyzes a number of explicit genetic models. In this section we will derive a continuous time version of the general two-character equations for discrete generations of Turelli (1988a) . This version is specialized to the features of the corridor model. The main aim is to aid the analysis of the special genetic models. It will be shown that the consequences of selection on deleterious pleiotropic e ects are re ected in the dynamics of the genetic variance of the character under stabilizing selection. Let x 1;ij be the genotypic value of the genotype comprised of gametes i and j, and let x 1;i be the average e ect of a gamete i on character z 1 , and nally let p i be the frequency of this gamete. Then, under random mating, the mean genotypic value of character 1, x 1 , is
With additive e ects, the genotypic values are simply the sum of the gametic e ects.
Consequently, the mean genotypic value is two times the mean gametic e ect x 1 = 2x 1;i = 2 P i x 1;i p i ; where x 1;i is a gametic e ect on character 1. Hence, the rate of change of the character mean of z 1 is twice the rate of change of the mean gametic e ect With additive e ects the second term on the right hand side is always zero, because the re-distribution of alleles caused by recombination alone will not change the mean value of the character. Expanding the rst term leads to An analogous formula holds for discrete generations. The rst term on the right hand side is the classical result about the response to directional natural selection (Lande, 1976) . The second term concerns the interaction between evolution of the rst character and tness e ects of the second. It corresponds to the term M 1;2 in Turelli's two character equation (Turelli, 1988a) . Note that this term is not the correlated selection response, as will be shown below. The precise meaning of this term can only be explicated in the context of an explicitly genetic model. It will be shown below, that the term Cov (x 1 ; x 2 2 ) describes the e ect of stabilizing selection on the genetic variance of the second character. This variance is linked via pleiotropic e ects to the evolution of the rst character.
Two-locus two-allele model
The genotypic values in the 2 loci/2allele model are easily obtained from the allelic e ects: 
The frequencies of the gametes 00, 01, 10 and 11 are p 1 ,p 2 , p 3 and p 4 . Below we will apply the`corridor' tness function to this two locus/two allele model and study its dynamical behavior.
Continous time: The rate of change of gamete frequencies in a two locus/two allele system with continous time under weak selection is governed by the following system of ordinary di erential equations (Crow/Kimura, 1970): j=1 m ij p i p j the mean malthusian tness.
Using these equations an explicit equation for the rate of change of the rst character can be derived:
Because of the additivity of the allelic e ects the system is independent of linkage-disequilibrium. We obtain: second character, the change of the mean value of z 1 is associated with a change in the genetic variance of the second character, V g2 . This variance is highest at intermediate frequencies of the alleles. Consequently, at low frequencies of the`1' alleles V g2 increases with increasing z 1 and at higher frequencies V g2 decreases. In the initial phase the expansion of V g2 is opposed by the stabilizing selection on the second character and at higher frequencies of the`1' alleles the decrease of V g2 is enhanced by the stabilizing selection. This is the mechanistic link by which directional selection on z 1 and stabilizing selection on z 2 interact in determining the rate of evolution of z 1 : An analogous argument holds for models of non-overlapping generations.
Provided that the stabilizing selection on the pleiotropic e ects can inhibit the evolution of the rst character, it is conceivable that these e ects completely prevent the evolution along the corridor, i.e., with weak directional selection and strong stabilizing selection it is conceivable that the rate of evolution is negative, _ z 1 < 0; even if there are genotypes with higher tness`uphill' of the corridor. These genotypes may not be reached under these conditions. To explore this possibility more completely, we perform a qualitative analysis of the dynamical system underlying this genetic model.
Qualitative analysis of the dynamical system: In this section we demonstrate two properties of the system: 1) it is shown that the population always evolves towards the ridge of the tness landscape, and 2) that there are two dynamical regimes possible, depending on the relative strength of directional and stabilizing selection. and that the xed point is a saddlepoint.
The fact that the xed point p 1 = 1 can be locally stable is biologically signi cant. Note that at p 1 = 1 all genotypes are of type (00=00). These genotypes have lower tness than the genotypes (11/11), which have maximal tness in this model. If the xed point p 1 = 1 is locally stable, the best genotype can not be selected if the`1' alleles are present in small frequencies, i.e., if the system is close to xed point p 1 = 1. The alleles causing adaptation can not invade the population. One can view this e ect as the result of apparent stabilizing selection on z 1 caused by the deleterious pleiotropic e ects of the alleles. If this xed point is unstable, evolution can directly proceed to the most t genotype. The criteria for the lability of this xed point is also a criterion for the invadability of the population for thè 1' alleles. the mean tness over the same dynamics, but stronger stabilizing selection: v = 0.5 (thin), which gives a system with two stable xed points. The drop in mean tness re ects the unstable equilibrium.
stronger stabilizing selection, the selection response of character 1 becomes negative. The xed point p 1 = 1 becomes locally stable and the system does not reach the xed point p 4 = 1 where the genotype with the globally highest tness is found. Fig. 3 compares the original mean Malthusian tness over the trajectory of the dynamic in Fig. 1 with a mean tness over the same dynamic, but with stronger stabilizing selection v = 0:5. The stabilizing selection on pleiotropic e ects causes a depression in the adaptive landscape.
In summary, there are two dynamical regimes possible. In the rst, stabilizing selection is weak relative to directional selection. Then the xed point p 4 = 1 is globally stable. The other dynamical regime exists if stabilizing selection is strong relative to the directional selection. In this case we have two locally stable xed points, one at the`lower end' of the corridor p 1 = 1 and one where the ttest genotype is found p 4 = 1, i.e., at the`upper end' of the corridor. In this situation the genotype with the highest tness can not be reached. Condition (14) thus is a criterion for the capability of an allele with disadvantageous pleiotropic e ects to invade the population. Notably it is the same condition under which the single locus heterozygote genotypes have a lower tness than the 00=00 genotype. This is important for the analysis of the stochastic models.
Pleiotropy and polygeny
As shown above for the two locus case, pleiotropy may lead to a constraint on the evolution of x 1 caused by the covariance between x 1 and x 2 2 . In this section we study the question:
to what extent do the results from the 2-locus/2-allele system carry over to systems with more than two loci? In particular we consider models with four and six loci, in which half of the loci have positive and half have negative pleiotropic e ects, just as in the two locus case considered above. The recombination terms of the dynamical equations were derived by a Mathematica program described in a separate paper (Baatz, submitted). It is shown that the constraints on evolution, as prediced by the two locus models, also apply to the multilocus situation. In addition there are some cooperative e ects which diminish the constraint due to mutual compensation of opposing pleiotropic e ects on character 2.
We partition the set of loci into non-overlapping sets of two loci adjacent on the chromosome and call each set a`pair'. A 4-locus system thus consists of 2 pairs and a 6-locus system is described as a model of 3 pairs of loci. The loci with positive e ects on the second character and those with negative e ects alternate along the chromosome. Due to the shape of the tness function, only a simultaneous substitution at two loci with opposing pleiotropic e ects leads to progress along the ridge. where p(R i ) gives the sum of frequencies of all of the repulsion gametes of pair i with positive or negative e ect d i on character 2. The fact that only repulsion gametes enter this equation is due to the symmetry of gene e ects. The negative terms in the rst line of (15) account for the gametes with opposite e ects, which therefore reduce the variance of x 2 . We call these gametes 'cooperative.' These negative terms demonstrate that the total variance caused by segregation at 2 loci can be less than times the variance produced by a corresponding two locus system. This is an instance of the socalled "Bulmer-e ect" (see chapter 9 in Bulmer, 1980) . Multilocus systems have the potential to 'hide' some of the pleiotropic variance via the interaction between cooperative gametes. Below it is demonstrated that exactly this is the case. In Fig. 4 the frequency of the anti-cooperative ones, so that the negative terms in (15) dominate over the positive ones. The number of cooperative gamete combinations grows by ? 2 with the number of pairs of loci , which implies that the importance of cooperative e ects may increase more than proportionally to the number of loci.
The e ect of the cooperation is shown in Fig. 5 , which compares the dynamics of the covariances for one, two and three pairs of loci under the same selective conditions.
To estimate the magnitude of the cooperative e ect the Cov(x 1 ; x 2 2 ) values have been divided by the maximal covariance of the two-locus two allele system times the number of gene pairs. This scaling operation makes the covariance values of the two locus two allele system less equal one. Fig. 5 shows that the maximal covariance of a four locus system is less than twice the maximal covariance of the two locus system. Analogously the maximal covariance of the six locus system is less than three times that of the two locus system. Furthermore, the more loci participate, the earlier the transition occurs from a regime where the pleiotropic e ects are inhibiting evolution (positive covariance), to the Figure 5 : Dynamics of the relative covariances (see text), starting with symmetrical initial conditions near xed point p 00 = 1, p 0000 = 1 or p 000000 = 1, respectively. Note that the maximum covariance in the four locus system is less than twice the covariance of the two locus system, and the maximum covariance in the six locus system is less than three times the covariance of the two locus system. Paramters are = 0:2, v = 0:1 and d 1 = d 2 = d 3 = 1; from the right to the left: 1, 2 and 3 pairs of loci. regime where pleiotropic e ects are speeding up evolution (negative covariance). Thus, cooperative e ects due to multi-loci interactions lead to higher rates of evolution. To a certain degree, they compensate the inhibiting e ect of hidden pleiotropy.
Invadability analysis of the four locus model
The analysis of the two locus model shows that alleles with a positive e ect on x 1 can only be selected if the advantage gained by this e ect is not outweighed by the selection against the pleiotropic e ects. The ratio of directional to stabilizing selection determines whether the population is invadable by a mutation with pleiotropic e ects. In this section we examine the invadability problem for the four locus case. 
Thus, for each combination of loci with opposite pleiotropic e ects, the same conditions for local stability have to be ful lled as for the two locus model (conditions (16), (17), (18) and (19)). In addition there are two other conditions which take into account the possibility of`cooperation' (as de ned above) between the loci, which implies that the xed point F1 can become unstable even if the criterion for the stability of each two locus system is ful lled.
Finite Population Model
Stochastic simulation model
The model used for simulating the evolution of nite populations is a variant of the models described in B urger et al. (1989) and Wagner (1989) . It consists of a stochastic algorithm which handles the genes of each individual according to the life cycle model described in (B urger et al., 1989) . In short the life cycle consists of production of o spring by randomly picking pairs of parents from the pool of individuals that have survived selection. The genome of an o spring is constructed by randomly recombining the genes of the parents and mutating the value representing each gene with probability . Each gene at the locus j is represented as a real valued variable y j . Mutation occurs by adding a N(0; 1) distributed random variable to the current value of the gene: y 0 j = y j + . The pairwise recombination rate is 0.5. The phenotype is represented as a Euclidian vector of two quantitative characters z 1 and z 2 . The genotypic values of the characters are calculated from the genic values using a linear mapping function (Wagner, 1989 ): x i = n P j=1 b ij y j . As in the deterministic models, we assume symmetrical e ects on both characters: b 1j = b > 0 and b 2j = b > 0 if j is odd and b 2j = ?b if j is even. In all simulations the number of genes is 50, and the average e ect of the mutations is adjusted to keep the muational variance for both characters at 0.005 (Lynch, 1988) . The adjustment of the mutational e ect is done by scaling the b-coe cients. The phenotypic values are calculated by adding to the genotypic values a N(0; 1) distributed random variable e, the environmental e ect. The tness is calculated according to Eq. (2). Selection occurs by viability selection. The survival probability of an individual with a given phenotype is determined by dividing its tness value by W (z 1 + 3 1 ; 0) ; where 1 is the phenotypic standard deviation of the rst character. This rescaling is done to obtain values between 0 and 1, as required for a probability. For each randomly chosen pair, one o spring is produced, and then another pair is chosen until enough survivors have been produced for sta ng the next parental generation.
Each simulation is initialized with a population that has reached a quasi equilibrium under stabilizing selection. The population then evolves in the corridor for 1000 generations. Subsequently, the simulation run lasts 1500 generations and statistics are taken after every 100th generation to decrease autocorrelation between observations. Each parameter combination is tried in 50 simulations. The statistical estimates are thus based on 750 data points each. Statistics are taken from o spring prior to selection. The e ective population size is estimated from the variance of family size by the formula N e
where N p is the number of parents and V f is the variance in family size (see Falconer, 1980) . The selection intensity is measured by the standarized selection di erential.
The rate of phenotypic evolution in the corridor
In Table 4 the average rate of evolution is listed, measured by the average change per generation of the character under directional selection, h z 1 i. The symbol hi stands for the ensemble average. In this table all simulations are done with populations of 100 parents. Two genetic scenarios are compared, one with a low per locus mutation rate of 10 ?4 and one with a high mutation rate of 10 ?3 . Table 4 : In uence of the tness function on the average rate of evolution h z 1 i in the corridor model. All simulations in this table are done with a population size of 100 adults per generation. The approximate rate of evolution expected for a single character without pleiotropic e ects is 2N e V m , which in these cases is simply . Note that the rate of evolution can be as low as 5% of this value in the case of weak directional selection and strong stabilizing selection (small values of V s ). The intensity of directional selection ranges from = 0:1 to = 0:4 and the strength of stabilizing selection on the second character equals V s = 2, 10 or 100, where larger values of V s correspond to weaker stabilizing selection. Clearly there is a strong relationship between the intensity of stabilizing selection and the rate of evolution along the corridor. This is in contrast to the prediction based on phenotypic evolution equations, assuming constant genetic variance (Wagner, 1988) . The e ect of stabilizing selection on the rate of evolution is stronger in the low mutaton rate scenario than in the high mutation rate scenario. Furthermore, the e ect of stabilizing selection on the rate of evolution interacts with the intensity of directional selection. The impact of stabilizing selection is stronger with weak directional selection than with strong directional selection. However, if one wants to measure the e ect of this interaction one has to scale the results with respect to the expected rate of evolution without stabilizing selection on pleiotropic e ects.
To compare the results from the corridor simulations with the expected results without stabilizing selection on pleiotropic e ects we use the result by Hill (1982) , which has recently been shown to be robust (B urger, 1993) . The asymptotic rate of evolution of a single character is predicted to be 2N e V m . The values in Table 5 are the relative rates of evolution, F h z1i , de ned as the average rates of evolution measured in the simulations divided by the expected rate of evolution, based on the e ective population size measured during the simulation and the V m predicted by the mutation rate and the average mutational e ect.
F h z1i = h z 1 i 2hN e i V m :
These values give the fraction of the maximally possible evolution rate attained in the corridor. We call these values the relative rate of evolution. Only results with the low mutation rate scenario are shown. Twenty-seven parameter combinations are shown, varying the parental population size, the strength of stabilizing selection and the intensity of directional selection. The values range from 4% to 100% of the rate of evolution attainable by a single character without pleiotropic e ects. Clearly the relative rate of evolution is higher under weak stabilizing selection than under strong stabilizing selection. Further-more, the impact of stabilizing selection is stronger with weak than with strong directional selection. With = 0:1, the relative rate of evolution with V s = 2 is less than 10%, but with = 0:2 it is between 25 to 28%, and about 47% with = 0:4. However, the values for weak directional and strong stabilizing selection ( = 0:1, V s = 2) are exceptional. All the other values are at or above 50% of the expected evolution rate without stabilizing selection on pleiotropic e ects. The cases with the very low relative rates are at least one order of magnitude less than in all the other cases. The reason for these low rates is seen in the last column in table 5, where the evolvability criterion for the deterministic model is listed (see above) using the expected allelic e ect of the mutation to calculate the criterion. If max is less than 0, then there exist multiple stable xed points along the corridor. This means that evolution along the corridor is only possible by spontaneous peak shifts between successive stable xed points along the corridor. (Hill, 1982) . These factors were calculated using the N e values measured during the simulation. The values max are the maximal eigenvalues of the Jacobian matrix of a two locus / two allele system in the same tness landscape. A negative value predicts that the deterministic system has a stable xed point at the low end of the corridor. Positive values indicate that selection drives the system up the corridor. Note that the factors F h z1i are about one order of magnitude smaller than all the other values if max < 0. N p is the number of parents, which is in general not equal to the e ective population size. In contrast, with max > 0, each mutation can increase by selection independently, since the average tness of the heterozygous genotypes is higher than the original homozygous ones. Another feature of the data presented in Table 5 is that the relative rate of evolution is approximately invariant with population size, i.e., the absolute rate is proportional to N e (except in the case when max < 0).
Factorizing the rate of evolution
In this section discrepancies between the corridor simulations and predictions of one character quantitative genetic theory are partitioned into three factors: deviations from the predicted selection di erential, the selection response and the asymptotic genetic variance.
Standard quantitative genetic theory predicts that the rate of change due to directional selection can be modeled as a two stage process. First selection acts on the phenotypic distribution of the parental generation, which produces the selection di erential, and second the transmission to the next generation. The selection di erential is the di erence between the population mean value before z and after selection z w , S = z w ? z. In the simulations the selection intensity was measured by i s , the standardized selection di erential. Hence the realized selection di erential is S real = i s p 1 + V x1 :
The expected selection di erential depends on the phenotypic variance of the parental population and the strength of the directional selection. If the phenotyic values are normally distributed, the strength of the directional selection is given by @ ln w @z = , for a single character which is under the in uence of the tness function w (z) = exp f zg. The expected selection di erential therefore is S exp = (1 + V x1 ), and we measure the relative realized selection di erential by:
The selection response is the di erence between the character mean values before selection in the rst generation and the following generation, R = z 1 (t + 1) ? z 1 (t). The expected selection response is the product of the selection di erential and the heritability, R exp = S realized h 2 . Note that in analysing the simulations, both the heritability and the selection di erential are observed values. The prediction only concerns the functional relationship between the selection response and the selection di erential and the heritability. The Table 6 : Factorizing the rate of evolution in the corridor. Each factor measures how much the respective value is a ected by stabilizing selection on the pleiotropic e ects. The factor F hS1i measures the e ect on the selection di erential (Table A) , F hRi measures the e ect on the selection response (Table B) , and F hVx1i measures the e ect on the asymptotic genetic variance hV x1 i of character z 1 (Table C) . For each parameter combination, the in uence on the asymptotic variance of selection on pleiotropic e ects is stronger than on the other two factors. This is particularly obvious in the case of a high mutation rate and small mutational e ects. The selection di erential is least in uenced by stabilizing selection on pleiotropic e ects (N p = 100, each value is based on the average over 50 each run averages over 1500 generations). Table A Finally the asymptotic rate of evolution depends on how much genetic variation for the character can be maintained under selection, mutation and drift. For the case without pleiotropic e ects the prediction of Hill (1982) is hV x1 i exp = 2 hN e i V m . The relative amount of genetic variation in our simulations is calculated by F hVx 1 i = hV x1 i 2 hN e i V m :
The relative rate of evolution can be reconstructed from these three factors: F h z1i = F hVx 1 i F hRi F hSi . In table 6 the three factors in uencing the relative rate of evolution are listed. In the low mutation rate scenario it is obvious that the selection di erential has the smallest impact on the relative rate of evolution. The realized selection di erential is between 88 and 99% of the expected. Clearly the stationary amount of genetic variation has the strongest impact on the observed relative rate of evolution. The relative magnitude of the selection response is only important in cases where the stabilizing selection is strong (V s = 2) and the directional selection is weak or moderate ( = 0:1 or 0:2). In the high mutation rate scenario, the only signi cant factor in uencing the relative rate of evolution is the stationary amount of genetic variance.
An approximate analytical model
The genetic dynamics underlying the evolution in the corridor with pleiotropic e ects is complicated, because the selective advantage of a mutation not only depends on the magnitude and direction of the mutation, but also on the current mean genotypic value (epistasis for tness). However, the deterministic analysis presented above suggests an approximate model of how the rate of evolution in the corridor is determined in nite populations.
The deterministic analysis shows that evolution along the corridor is possible if the evolvability criterion is ful lled, max > 0. This condition corresponds to the conditions in which each single locus heterozygote with a plus allele for z 1 has a selective advantage.
Progress along the corridor proceeds in two phases. First a long phase with little progress, and then a rapid transition due to the cooperative e ects among complementary pairs of alleles (see Fig. 1 ). The total rate of evolution is largely determined by the time it takes to reach the threshold to the second phase. In the stochastic model we ignore the time it takes to x complementary pairs of mutations once they have reached the threshold of cooperativity.
As long as the gene frequency is at undercritical levels, the dynamics of each mutant is assumed to be independent of complementary genes. We use this assumption to employ an approach pioneered by William Hill to predict the rate of evolution due to new mutations and sustained directional selection (Hill, 1982) . It consists of predicting the average rate of evolution from the expected change of the character per gene substitution and the probabilities that a new mutation occurs and that it becomes xed. In our case we also have to assume that there are always complementary mutations segregating, such that on the average the mean genotypic value of the second character stays close to the ridge of the corridor. The probability that a mutation with heterzygote selective advantage hs and initial frequency p 0 gets xed, u(s; h) is given by u(s; h) = b 1j . Because we ignore downhill mutations, the rate of mutation has to be halved if we want to apply this formula to our simulations. If on the average for a mutation the value 2N e sh > 2, then the probability of substitution is u(s; h) 2Nesh
Npf (Hill, 1982) . If the mean genotypic value of the second character is about zero, then the average selective advantage of a heterozygote in our model is sh exp (22) where U is the genomic mutation rate, 2n . Fig. 6 shows a comparison of our low mutation rate simulations with the predicted rate of evolution. Note the excellent agreement between simulation and prediction. The two data points that clearly deviate from the predicition correspond to parameter values where the condition 2N e sh > 2 was not ful lled. Excluded from this gure are the simulations where the evolution criterion, max > 0 was not ful lled. In this case the approximate stochastic model predicts negative rates of evolution.
As shown in the last section, the rate of evolution scales with population size. This property is clearly re ected in the approximate analytical model. In addition, the rate of evolution scales with the genomic mutation rate, but not directly with the mutational variance, as in the case of characters without pleiotropic e ects. Another di erence concerns the relationship between the strength of directional selection and the rate of change. Without pleiotropic e ects the rate of change scales linearly with , but because of the interaction with stabilizing selection, the relationship with pleiotropic e ects is exponential. With weak directional selection the rate of change is much smaller than without stabilizing selection on pleiotropic e ects. With stronger directional selection the rate of evolution grows progressively, because stronger directional selection compensates for the e ects of stabilizing selection on pleiotropic e ects. This prediction can be used to empirically test for the presence of signi cant amounts of deleterious pleiotropic e ects (see Discussion).
Discussion
In this paper explicit genetic models are considered for the evolution of a quantitative polygenic character under directional selection. We assumed that the character is coupled to an uncorrelated quantitative character via`hidden' pleiotropic e ects. The term hidden pleiotropic e ects' means that the pleiotropic e ects do not contribute to genetic correlations between the characters (Turelli, 1985) . It is shown above that the evolution of the mean value is in uenced by selection on a pleiotropically coupled character even in the absence of genetic correlations. This e ect is due to apparent stabilizing selection caused by deleterious pleiotropic e ects. Dynamically the e ect is mediated through an association between the mean value of one character and the genetic variance of the pleiotropically linked character. This association was rst predicted by Turelli (1988a, his term M 1;2 in Eq. (32)).
The intuitive explanation of the e ects described in this paper is the following: the two characters are uncorrelated, the rst is under directional selection and the second under stabilizing selection. Consequently the rst character responds to directional selection by a change in the mean value, if there is additive genetic variation for this character. Because of pleiotropic e ects the selection response of the rst character can be associated with a change in the genetic variance of the second character, which is under stabilizing selection. The sign of the change in genetic variance depends on the frequency of the genes. If the genes are rare, then directional selection on the rst character increases their frequencies and the variance of the second character increases due to pleiotropic e ects. However, this increase in variance has a negative e ect on tness since the second character is under stabilizing selection. Consequently, the evolution of the rst character is inhibited by stabilizing selection on hidden pleiotropic e ects and the selection response of the rst character is smaller than predicted from models ignoring pleiotropic e ects. If stabilizing selection on pleiotropic e ects is strong relative to directional selection, the evolution of the rst character may be completely inhibited, leading to a genetic constraint on adaptation. This e ect is reminiscent of Winnie-the-Pooh getting stuck in the rabbit hole because he ate too much honey (the`Pooh-e ect').
However, stabilizing selection on hidden pleiotropic e ects is not universally inhibiting to the rate of adaptation. If the frequencies of the genes are high, i.e. during late phases of gene substitution, the variance of the second character decreases. This e ect leads to an additional increase of mean tness beyond the increase caused by the change of the mean value of the rst character, which accelerates evolution.
The main results have been shown analytically for two as well as for more loci. In the case of more than two genes additional terms than the ones discussed above appear in the equation for the evolution of the rst character which slightly mitigate the Poohe ect. Selection creates a linkage disequilibrium in favor of gametes hiding some of the pleiotropic e ects (so-called Bulmer e ect, Bulmer, 1980) . But this e ect is small in the range investigated so far (n 8).
The results can also be interpreted in terms of apparent stabilizing selection. Apparent stabilizing selection can be caused by deleterious pleiotropic e ects (Robertson, 1956; Barton, 1990; Keightley and Hill 1990; Gavrilets and deJong, 1983; Kondrashov and Turelli, 1992; Caballero and Keightley 1994) . Besides the direct selection on the rst character the deleterious pleiotropic e ects induce an apparent stabilizing selection. This apparent stabilizing selection can be stronger than the direct selection. Hence, the Poohe ect results if apparent stabilizing selection dominates over the directional selection on the rst character. However, if directional selection is strong relative to apparent selection, there is no selection limit predicted by this model. This is in contrast to other models of the interaction between directional selection and pleiotropy (Keightley and Hill 1990; Gavrilets and deJong, 1983; Kondrashov and Turelli, 1992; Caballero and Keightley 1994) . The main di erence in this model is that deleterious e ects are not unconditionally deleterious. Deleterious pleiotropic e ects are modeled as additive e ects on a character which is under stabilizing selection. Additive e ects of one gene can be compensated by additive e ects of opposite sign at another locus. This is to say that the pleiotropic e ects are epistatic with respect to tness. Whether a pleiotropic e ect increases or decreases tness depends on the current breeding value for the second character of the genotype. If the breeding value of the second character is at the optimum for this character, every pleiotropic e ect is deleterious. However, if the breeding value of the second character does not coincide with its optimum, the tness e ect might be positive or negative. If the pleiotropic e ect brings the breeding value closer to the optimum of the second character, tness increases, if it leads away from the optimum, the tness decreases.
Unconditionally deleterious e ects are a good model for short term selection responses, if the likelihood of compensatory mutations is low (Caballero and Keightley, 1994) . However, unconditionally deleterious mutations are not a good model of sustained selection responses or evolutionary adaptation. If each mutation is unconditionally deleterious, long term evolutionary adaptation and indeed the sustained existence of life would be impossible. We therefore prefer models which allow compensatory pleiotropic mutations to occur.
The e ect on asymptotic rates of evolution in nite populations of hidden pleiotropic effects was investigated by stochastic simulations. It was found that the asymptotic rate of evolution is reduced by stabilizing selection on hidden pleiotropic e ects. The magnitude of the reduction depends on the strength of directional selection as compared to the stabilizing selection. If this ratio is below the limit for the Pooh-e ect, predicted by the deterministic theory, then the rate of evolution is more than 50% of the rate predicted by the standard one character theory. Under these conditions the in uence on the rate of evolution is moderate. Considerable in uence is found once the apparent stabilizing selection dominates over directional selection and can then be as low as 5% of the value predicted by one character theory.
The biological implications of these results can be divided into two main topics: the potential of the Pooh-e ect to happen in real populations, and the implications for long-term selection response. The Pooh-e ect is the complete inhibition of selection response on a character due to stabilizing selection on the hidden pleiotropic e ects. The plausibility of this e ect in nature is closely related to a frequently discussed problem in theoretical quantitative genetics, namely the dynamics of the genetic variance in response to directional selection. The Pooh-e ect in the models is mediated through an in ation of the genetic variance of the second character via pleiotropic e ects. Hence the Pooh-e ect can only occur if the genetic variance is increasing when a population experiences a shift from stabilizing selection to directional selection. This is to be expected if genetic variance in the initial population is caused by rare alleles with large e ects (Barton and Turelli, 1987) . However, in selection experiments a signi cant increase in genetic variance has not been observed (see discussion in Turelli, 1988a; B urger, 1993) . There are several possibilities to explain this fact (see Turelli 1988a) . One is that genetic variance is not maintained by mutation selection equilibrium and is thus caused by more frequent alleles than predicted by mutation-selection theory. This is possibly the case for abdominal bristle number (Lai et al., 1994; Long et al., 1995) . Other possibilities are that the rare genes are not present in the comparatively small experimental populations, or that linkage disequilibrium masks a buildup of genic variance. Finite population size models predict that a signi cant increase in genetic variance can only be expected in populations larger than 500 (B urger 1993) . Hence it seems unlikely that the Pooh-e ect is a frequent cause of a genetic constraints to the adaptation of quantitative characters in small populations. However, in large populations and with strong stabilizing selection on pleiotropically linked characters a genetic constraint on phenotypic adaptation can be expected. The data required to assess the plausibility of the Pooh-e ects consist of multivariate selection surfaces for ecologically important characters and data on the average mutational e ects on these characters.
Another metaphor that could be invoked is`inner friction' which resists phenotypic change. The metaphor is actually relatively close, since the e ects of hidden pleiotropic e ects depend on the`atomic' (Mendelian) structure of quantitative variation, much as inner friction of uid ow is a re ection of the molecular structure of uids. This e ect is not predicted by in nite loci models.
Deviations from the standard prediction of selection response have been modeled as a con ict between arti cial truncation selection and stabilizing natural selection (Zeng and Hill, 1986 ). These models are not directly comparable with the one analyzed here. The present model is a model of natural selection on two characters and does not represent a con ict between arti cial and natural selection.
Without pleiotropic e ects the asymptotic rate of evolution under sustained directional selection has been shown to be proportional to the e ective population size, the mutational variance and the selection intensity: 2 N e V m (B urger, 1993; Hill, 1982; Keightley and Hill, 1987) . The results in this paper show that this prediction is a good upper limit to the rate of evolution under most circumstances. Recently Barton has developed a method for predicting the substitution rate under the in uence of deleterious mutations (Barton, 1995) . He showed that the impact can be modeled as a change in e ective population size. In our simulation it was found that the reduced rate of evolution was primarily determined by a smaller asymptotic genetic variance than expected without selection against pleiotropic e ects. Intuitively one can explain this e ect by a lower fraction of mutations that become selected due to selection against pleiotropic e ects.
This e ect can be understood as a lower e ective mutational variance V m , feeding the selection response.
It has been shown that the observed rate of phenotypic evolution is many orders of magnitude lower than expected on the basis of phenotypic evolution equations (Lande, 1976; Lynch, 1990) . There are many explanations for this fact. One of them are scaling e ects on the estimation of evolutionary rates (Gingerich, 1993) . Another obvious explanation is stabilizing selection in the respective traits (Charlesworth et al., 1982; B urger & Lynch, 1995) . The present analysis suggests that apparent stabilizing selection induced by hidden pleiotropic e ects is also causing adaptive inertia to weak directional selection. If the basic assumptions of our model are true (i.e. extensive pleiotropy and mosaic evolution) one can expect adaptive intertia to be a common phenomenon of phenotypic evolution. Because there is a positive and a negative eigenvalue the inner xed point is a saddlepoint and therefore unstable.
